For electron beam welded joints of sheet metal with a thickness of approx. 10 mm, the distribution morphology of the internal residual stresses in the weld was researched. The residual stress distributions were measured by the strain gauge method and the Modified Deep Hole Drilling Technique (MIRS method) and were analyzed by the finite element method. Consequently, the residual stresses in the longitudinal and transverse directions of the weld were tension near the center of the plate thickness and tended to become compression as the location of stress shifted towards the top and bottom surfaces. The mechanism of such a particular profile of residual stress distribution can be considered peculiar to electron beam welding.
Introduction
Residual stresses in welds significantly affect the fatigue strength and stress corrosion crack resistance of the weld joint, and therefore, numerous studies have been made about the effects. The residual stress induced by electron beam welding (EBW) has likewise been researched in various approaches, but many of the study reports dealt with thick plates (50 mm or thicker) only. [1] [2] [3] [4] [5] This was because the EBW process was costly, and thus such studies were focused on thick plate materials for specific applications in the nuclear-power and space-related fields that require extremely high qualities for the weldments.
In recent years, however, there are many cases where the EBW processes are employed for general applications such as electric machinery and machine tools. This is owing to reduction in the processing costs through usage expansion of the equipment and corporate efforts by job shops. In particular, EBW is applied for partial penetration welding of parts with a plate thickness of 3-15 mm as observed in vacuum pump pipings and gauge diaphragms. While EBW has lately been expanded in such sheet metal applications, there are little reports of in-depth research on this field. Taking this into consideration, the author researched the characteristics of the residual stresses in the partial penetration welds made by EBW of sheet metals.
For the first study report, 6 ) the effects of beam power and diameter were investigated in an orderly sequence with carbon steel (SS400). As a result, the extent of the residual stress in the direction perpendicular to the weld axis at the weld toe, which largely affected the fatigue strength, was clarified to associate with the weld penetration. In the second study report, 7) the transverse residual stress at the weld toe was revealed to become compression to a larger degree as the yield strength of the testing steel grade was higher. This tendency was verified not only for ferritic and martensitic steel materials but also for other types of metals such as SUS304 and A5052. These results have been clarified through the surface residual stress measurement by the X-ray diffraction method and analysis by the finite element method (FEM). The present third report contains the results of the research on the distribution profiles of internal residual stresses as well as the previously regarded residual stresses induced near the weld toe. In this research, the conventional strain gauge method 8, 9) and the Modified Deep Hole Drilling Technique (Modified DHD Technique) 10, 11) developed lately as well as the FEM analysis were applied to evaluate the residual stresses distributed in the platethickness-wise interior.
In the present study, the testing plates are referred to as "sheet metals" in the EBW applications, in contrast to heavy thick metals having a thickness of 50 mm or thicker which have conventionally been welded by EBW.
Testing Procedures

Testing Materials
The dimensions of the testing steel plate of SS400 were 10 mm in thickness, 100 mm in width, and 100 mm in length - Fig. 1 . The partial penetration welding by the EBW process can generally be applied to a plate thickness range from about several millimeters to 10-odd millimeters; in this study, 10-mm thick plates were used because this thickness enabled to apply the Modified DHD Technique and the strain gauge method.
Welding Procedures
Bead-on-plate welding was conducted by using the 6-kW EBW equipment shown in Fig. 2 . The welding conditions were as shown in Table 1 . Each test plate was restrained with a pair of restraining plates clamped at six points on the right and left sides of the test plate. The restraining plates on the test plate were removed in about three minutes from the start of welding, because it took time to open the chamber to the atmosphere.
The restraining force was measured by a load sensor, and the resultant pressing force was about 390 N for each clamping position. One piece of restraining plate (with a 3 000-mm 2 contacting area on the test plate) was clamped at three locations, and thus the restraining stress was calculated as 390 N × 3/3 000 mm 2 = 0.39 MPa. In order to verify the test plate was sufficiently restrained, the gap between the test plate and the fixture was checked with a gap gauge (0.05 mm) before welding after restraining, and before releasing the restraint after welding; as a result, no gap was observed.
Temperature Measurement
The surface temperature of the testing steel plate was measured during welding in order to develop the basic data for determining the heat input conditions for the FEM analysis. The measuring locations were, as shown in Fig. 1 , at 3 mm and 8 mm on the top surface as well as 2 mm on the bottom surface respectively from the center. The temperature measurement was carried out for all the test plates, using a MEMORY HiCORDER together with K-thermocouples (glass fiber coated) made of wires with a diameter of 0.32 mm. The tip of the thermocouple was fixed on the temperature measuring point of the test plate by resistance welding, and the other end of the thermocouple was connected to the MEMORY HiCORDER with compensation wires for K-thermocouple. The measurement frequency was 10 plots per second.
Residual Stress Measurement by Modified DHD
Technique The measurement of internal residual stress was carried out by the Modified DHD Technique (MIRS method: Modified Internal Residual Stress). The MIRS method is an improved type of the Deep Hole Drilling (DHD) method, [12] [13] [14] which was carried out according to the procedure shown in Fig.  3 . The procedure began with drilling the reference hole in an area for measurement, which was followed by cylindrical trepanning in the periphery of the center of the hole in order to release the residual stresses induced around the hole. The residual stress value was obtained by converting the difference in the reference hole's diameter measured before and after trepanning as well as the cylinder's axial and angular deformation caused by trepanning. The MIRS method can be classified into three variations (MIRS-1-3) depending on the measurement accuracy and the number of stress components to be calculated - Table 2 . MIRS-3 was used in this study. The evaluation formula for MIRS-3 was composed in consideration of the 3D stress condition and the plastic deformation by trepanning, and it enabled to calculate as many as six stress components. The residual stresses (σ x, σ y, σ z) in the directions of x, y, and z as well as the shearing residual stresses (σ xy, σ yz, σ zx) in the planes of xy, yz, and zx could be calculated. The evaluation formula was developed based on the conventional method. ( ) and a plain surface stress could be given by the following formula ① in accordance with the elasticity solution method 15) for the reference hole in an infinite plate.
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In the conventional method, the measurement of u z r ,θ ( ) was executed for three or more angles of θ at each measuring depth to determine by Formula ① the stress components (σ x , σ y , and σ xy ) perpendicular to the drilling direction. In order to obtain the evaluation formula for the developed method, the formula ① was modified in consideration of the 3D stress state/distribution in accordance with the 3D elasticity theory and then evolved, 10) taking into account the effect of the plastic deformation caused by a trepanninginduced dimensional change. Furthermore, the machining accuracy was improved markedly in order to utilize the said evaluation formula. Specifically, the helical machining was employed for drilling to establish such a precision process that the roundness (the difference between the radii of the maximum inscribed and circumscribed circles) of the circle made in a welded part was 7 μm, and the straightness (the deviation between the inlet and outlet) of the hole was 5 μm.
16)
The location of residual stress measurement is shown in Fig. 4 . The measurement was conducted at 0.5 millimeters away from the weld toe at the midpoint of the weld line. The residual stress measurement was executed with the reference hole having a diameter of 2.5 mm.
Residual Stress Measurement by Strain Gauge
Method For the sake of comparison with the measurement results obtained by the MIRS method, internal residual stresses were measured by the strain gauge method, in which two testing weld joints were prepared, and the weld-axial (longitudinal) and cross-to-weld-axis (transverse) thin specimens were cut as shown in Fig. 5 , and then the stress released by cutting and that remained in the thin specimen were totalized to obtain the residual stress. 17, 18) The stresses released by cutting the thin specimen were obtained on the assumption that the longer-direction strain released by cutting the thin specimen distributed linearly along the plate thickness. In order to obtain the stresses remained in the thin specimen, a strain gauge was attached along the plate thickness direction at the center of the cross section, and then the specimen was cut for stress release. For measuring the stresses, a static strain gauge was used. The following two formulas were used for calculating internal stresses. 
Simple method 12) Considering Plastic deformation easily 14) Considering Three dimensional stress Field & Plastic deformation 15) surface when cutting in the transverse direction. σ xR : The longitudinal stress remained in the thin specimen cut in the longitudinal direction. σ yR : The transverse stress remained in the thin specimen cut in the transverse direction. The location for measuring residual stresses was similar to that in the MIRS method as shown in Fig. 4 . The wire electric discharge process was used for cutting, and the cutting width was 5-10 mm.
Residual Stress Measurement by X-ray Diffraction
Method The surface residual stresses were measured by the X-ray diffraction method. The measuring location was at 0.5 mm away from the weld toe as shown in Fig. 4 , similarly to the cases of other measuring methods. The measuring diameter was 1.0 mm. The measurement was conducted in the two directions of longitudinal (σ x) and transverse (σ y). The measuring method for residual stresses conformed to the standard for X-ray stress measuring of The Society of Materials Science, Japan.
19) X-ray was irradiated to the specimen while the incidence angle was changed several times to obtain the diffraction angle (2θ) of the diffracted X-ray from the specimen, thereby observing a stress-induced change in the lattice spacing. The measuring conditions were as shown in Table 3 .
The angle ψ was made between the normal lines to the specimen and diffraction surfaces, which corresponded to the X-ray incidence angle to the specimen. The diffraction angle for each ψ was obtained by the half-value breadth midpoint method, and the residual stress was calculated by multiplying the inclination of the 2θ-sin 2 ψ diagram by the stress constant.
Analysis by FEM
In order to calculate internal residual stresses, FEM analysis was conducted. For the analytical model, a 3D model of right-left symmetric 1/2 part with respect to the weld axis of 20 mm in the longitudinal direction, as shown in Fig. 6 , was adopted in an attempt to shorten the computation time. The analysis was also carried out with the model having a 100-mm longitudinal length in conformity with that of the actual test plate; as a result, it was verified that there was no significant difference in the analytical results, including temperature and strain as compared with those of the model with a longitudinal size of 20 mm. This can be assumed that because the extremely narrow area in the EBW weld unlike a general arc weld reached the mechanical melting point, 20-mm and 100-mm models resulted in the similar calculation results. The restraining condition was set to be consistent with that in the actual welding; i.e., the same position was fully restrained in the Z direction (the direction of angular distortion) for 3 minutes after welding. The welding conditions were also set to be the same as those for the actual welding as shown in Table 1 . The other analytical conditions were those shown in Table 4 . The physical properties applied were those shown in Fig. 7 in consideration of temperature dependency, but density and Poisson's ratio were kept constant regardless of temperature dependency. Figure 8 shows the cross-sectional macrograph of the weld. The testing weld exhibited a defect-free, good bead appearance with a penetration depth of 7.0 mm and a bead width of 1.6 mm. The analytical model was made based on this macrograph. The results of temperature measurement during welding and analysis are shown in Fig. 9 . The measurement results and the analytical results showed a good agreement. Essentially, for adjusting the heat transfer of the analytical model, there should preferably be an area that exhibits an actual temperature of approx. 800°C; however, the highest temperature attained was approx. 300°C. It was tried to set the thermocouple at a location nearer to the bead, but the appropriate locations were judged to be 3 mm and 8 mm on the top surface plus 2 mm on the bottom surface in order to prevent a meandered weld bead caused by the glass coating of the thermocouple. However, the analysis results were acceptable without an analytical noise excluding that the highest temperature attained was lower than expected.
Results and Discussions
Preparation of Test Welds
Measurement Results of Internal Residual Stresses
by Modified DHD Technique The measurement results by the MIRS method are shown in Fig. 10 . The data of six components (σ x, σ y, σ z, σ xy, σ yz, σ zx) was acquired in 1-mm pitch. However, theoretically, it is possible that measurements cannot be carried out at 1 mm. from the top and bottom surfaces respectively, due to the distance between the probe tip and the air outlet of the air microgauge. From the measurement results, it has been clarified that the longitudinal direction was roughly the same as the principal stress direction in the 3D field because the longitudinal residual stress (σ x) was larger than the transverse one (σ y) and the plate-thickness-wise one (σ z), the xy-plane shearing component (σ xy) was almost zero, and the zx-plane shearing component (σ zx) was also smaller than the longitudinal residual stress (σ x).
In the next section, these test results will be compared with those obtained by other methods. In this comparison, only the longitudinal residual stress (σ x) and the transverse one (σ y) that could be measured by other methods were taken.
Residual Stress Distributions Obtained by Other
Methods With the strain gauge method, the residual stresses in the depths of 1, 3, 5, 7, and 9 mm from the top surface of the test weld as well as those in the top and bottom surfaces were measured. In the X-ray diffraction method, the residual stress in the top surface of the test weld was measured. Figures 11 and 12 compare these measurement results with those obtained by the MIRS method and the FEM analysis.
First, in comparison of the results of the longitudinal residual stress (σ x) shown in Fig. 11 , it is obvious that the stress is tension in the vicinity of the center of the plate thickness, and it exhibits entirely the tendency of shifting to the compression side to a greater extent as its location become closer to the top and bottom surfaces. With the methods of MIRS, strain gauge, and X-ray diffraction, the shifting tendencies are almost similar including the absolute values. Also the FEM analysis result is roughly consistent with the others and has reproduced the past finding in which the residual stress became tension near the plate thickness center. 1, 2, 20) Second, the measurement results of the transverse residual stress (σ y) are compared in Fig. 12 . Though the absolute values of residual stresses are lower than those in the longitudinal direction, the entire tendency is consistent with the longitudinal one; i.e., the residual stress is tension in the vicinity of the plate thickness center and shifts to the compression side as its location become closer to the top and bottom surfaces. As to the measurements by the methods of MIRS, strain gauge, and X-ray diffraction, the tendencies are almost similar, including the absolute values like the longitudinal ones. With respect to the FEM analysis result, the tensile stress in the interior tends similarly to shift to the compressive stress in the top and bottom surfaces; however, the absolute value of residual stress in the transverse direction differs by 100 MPa or higher at some locations. This difference can probably be caused by the large stress gradient in the vicinity of the weld. Figure 13 shows the transverse residual stress in the top surface of the test weld, measured at the locations of 0.5-7 mm away from the weld toe. In the MIRS method, the reference hole's diameter was 2.5 mm; hence, the locations of 0.5-1.75 mm from the weld toe for the data in Fig. 13(a) corresponded to the drilled area, within which 100-MPa or larger variation was observed. Naturally, a bigger stress difference can actually be considered within the drilled area when taking into account the stress distribution in the inte- rior other than that in the surface. If the calculation range of FEM accords with both the measurement ranges of the MIRS and the strain gauge methods, the absolute value is almost similar. This shows a comparison between 0.5 mm. from the weld toe, which is the center of the drilled hole and 2.1 mms. from the weld toe, i.e., the center of the cylinder's thickness, both analyzed by FEM, and the results of the MIRS method ( Fig. 13(b) ). The analysis result of the 2.1 mm position and that of the MIRS method are generally consistent.
In addition, because the measurement range of the X-ray diffraction method is narrower than that of either the MIRS or the strain gauge methods, its absolute value as well as the 0.5 mm position value by FEM are close.
From these results, for the transverse residual stress with a steep gradient in the EBW weld, it has been found again that the absolute value is narrower than the drilled hole's diameter in the case of the MIRS method, which needs a diameter of 2.5 mm. As mentioned above, the tendencies of the distribution of internal residual stress have been verified by measuring the residual stresses by various measuring methods. In the EBW weld joint with a narrow bead width, the residual stress near the weld changed in a big stress gradient; thus, it was difficult to obtain the absolute values by the MIRS method and the strain gauge method; therefore, the FEM analysis should be used effectively.
Internal Residual Stresses in EBW Welds
The longitudinal residual stress (σ x) and the transverse residual stress (σ y) distributed in tension near the plate thickness center and tended to shift to compression as the measurement location came close to the top and bottom surfaces. This tendency agrees to that of the various results of the existing report.
6,7) Also, this tendency is consistent well with the finding in the past research on the thick plate welds of complete joint penetration in which compression stress was induced in the top and bottom surfaces and tension stress in the plate thickness center. 1, 2, 20) This stress distribution profile is peculiar to EBW weld joints. 6, 7) The reason for such a specific stress distribution profile is due to the instantaneous formation of weld in a narrow area by the electron beam with an extremely high density energy unlike in general multi-pass arc welding. The bead surface area undergoes rapid heating and cooling to a great extent, and hence, when its high temperature part is cooled to around its mechanical melting point, the maximum temperature zone exists near the plate thickness center. Consequently, the area near the center of the plate thickness can be considered to be cooled slower than the bead surface, which leads to delayed contraction, thereby causing a tension stress. The result of temperature measurement of the plate-thicknesswise interior is shown in Fig. 14 as an evidential data of this mechanism. The temperature in the plate-thickness-wise interior was measured with a sheathed thermocouple. The figure exhibits how the maximum temperature region shifts to the region near the plate thickness center by the thermal transfer from the top surface.
Conclusions
The residual stresses induced in the EBW weld joint of sheet metal were evaluated by the Modified DHD Technique, and the following results have been obtained.
(1) With the Modified DHD Technique (MIRS method), the residual stresses of six components (σ x, σ y, σ z, σ xy, σ yz, σ zx) were measured. The longitudinal direction was verified to match roughly the principal stress direction by clarifying the six-component residual stresses.
(2) The Modified DHD Technique (MIRS method) was compared with other methods (strain gauge method, X-ray diffraction method, and FEM analysis) on residual stress distribution. For the longitudinal residual stress, the measurement results including absolute values by all the methods were consistent well with each other. By contrast, for the transverse residual stress with a big stress gradient, slight difference was observed in the absolute values between actual measurement and analysis. When the stress gradient is extremely large in a narrow range, besides the evaluation by actual measurement, the supplementary data by the FEM analysis is effective.
(3) The longitudinal residual stress (σ x) and the transverse residual stress (σ y) became tension near the plate thickness center and exhibited the tendency of shifting to the compression side as the measuring location approached the top and bottom surfaces. That is, the past research results obtained by the FEM analysis have been verified by various measuring methods. Moreover, the mechanism of such a specific behavior was proved to be peculiar to EBW.
